We examine the thermodynamic evolution of various evolving systems, from primitive physical systems to complex living systems, and conclude that they involve similar processes which are phenomenological manifestations of the second law of thermodynamics. We take the reformulated second law of thermodynamics of Hatsopoulos and Keenan and Kestin and extend it to nonequilibrium regions, where nonequilibrium is described in terms of gradients maintaining systems at some distance away from equilibrium.
INTRODUCTION
In 1943 Erwin Schrödinger (1944) wrote his small book What is Life? , in which he attempted to draw together the fundamental processes of biology and the sciences of physics and chemistry. He noted that life was comprised of two fundamental processes; one "order from order" and the other "order from disorder". He observed that the gene with it's soon to be discovered DNA, controlled a process that generated order from order in a species, that is the progeny inherited the traits of the parent. Schrödinger recognized that this process was controlled by an aperiodic crystal, with unusual stability and coding capabilities.
Over a decade later these processes were uncovered by Watson and Crick. Their work provided biology with a framework that allowed for some of the most important findings of the last thirty years.
However, Schrödinger's equally important and less understood observation was his "order from disorder" premise. This was an effort to link biology with the fundamental theorems of thermodynamics. He noted that at first glance, living systems seem to defy the second law of thermodynamics as it insists that, within closed systems, entropy should be maximized and disorder should reign.
Living systems, however, are the antithesis of such disorder.
They display marvelous levels of order created from disorder. For instance, plants are highly ordered structures, which are synthesized from disordered atoms and molecules found in atmospheric gases and soils. This paper takes on the task proposed by Schrödinger and expands on his thermodynamic view of life. We explain that the second law of thermodynamics is not an impediment to the understanding of life but rather is necessary for a complete description of living processes. We further expand thermodynamics into the causality of the living process and assert that the second law is a necessary but not sufficient cause for life itself.
In short, our reexamination of thermodynamics shows that the second law underlies and determines the direction for many of the processes observed in the development of living systems. This work harmonizes physics and biology at the macro level and shows that biology is not an exception to physics, we have simply misunderstood the rules of physics.
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Central to our discussion is a fresh look at thermodynamics. Since the time of Boltzmann and Gibbs there have been major advances in thermodynamics especially by Carathéodory,
Hatsopoulos and Keenan, Kestin, Jaynes, and Tribus.
We take the restated laws of thermodynamics of Hatsopoulos and Keenan and Kestin and extend them so that in nonequilibrium regions processes and systems can be described in terms of gradients maintaining systems away from equilibrium.
In this context the second law mandates that as systems are moved away from equilibrium they will take advantage of all means available to them to resist externally applied gradients. Our expansion of the second law immediately applies to complex systems in nonequilibrium settings unlike classical statements which are restricted to equilibrium or near equilibrium conditions. Away from equilibrium, highly ordered stable complex systems can emerge, develop and grow at the expense of more disorder at higher levels in the system's
hierarchy.
We will demonstrate the utility of these restatements of the second law by considering one of the classic examples of dissipative structures, Bénard Cells. We argue that this paradigm can be applied to physical and chemical systems, and that it allows for a thermodynamically consistent explanation of the development of far from equilibrium complex systems including life.
As a case study we focus on the 
CLASSICAL THERMODYNAMICS
Because the basic tenets of this paper are built on the principles of modern thermodynamics, we start this paper with a
by Eric Schneider and James Kay brief discussion of thermodynamics. We ask the reader who is particularly interested in ecology to bear with us through this discussion, because an understanding of these aspects of thermodynamics will make much of our discussion of ecology self-evident. For the reader who has mastered thermodynamics we believe that our approach to the theoretical issues of nonequilibrium thermodynamics is original and permits a more satisfactory discussion of observed far from equilibrium phenomena. These much more complex thermodynamic systems are the ones investigated by Prigogine and his collaborators Prigogine, 1977, 1989 conditions of a thermodynamic system are altered, the equilibrium of the system will tend to move in such a direction as to oppose the change in the external conditions" (Fermi, 1956 Prigogine (1955) , and more recently Swenson (1989) , who use extremum principles based on the concept of entropy to describe selforganizing systems. Nonequilibrium systems can be described by their forces and requisite flows using the well developed methods of network thermodynamics (Katchalsky and Curren, 1965 , Peusner, 1986 , and Mikulecky, 1984 . As the gradient is increased it becomes harder and harder (more work is required) to maintain the higher rate of dissipation (see Figure 2 ). The further the system is moved away from its equilibrium state the more exergy is destroyed, the system produces more entropy, and more work is required to maintain it in its nonequilibrium state.
Due to the convective overturn most of the working fluid in the container becomes vertically isothermal (with little gradient) and only the boundary layers on the edge of the system carry the gradient. As the gradient is increased the boundary layers become thinner and more dissipation occurs.
Definitions: Nusselt Number: Nu = Q / (k ∆T / h) Rayleigh Number: Ra = g α ∆T h 3 / κ ν where Q=heat flow, k=coefficient of heat conduction, T=temperature, h=depth, g=gravity, α=coefficient of volume expansion, κ=coefficient of thermometric conductivity, ν=coefficient of kinematic viscosity.
by Eric Schneider and James Kay These graphs are calculations by us of entropy production and exergy destruction during heat transfer across a fluid. The data used is from the classic experiments of Silveston (1957) . A fluid is heated from below. The temperature difference between the top and bottom of the fluid is increased and the heat transfer from the bottom to the top is recorded.
At a Rayleigh number (a dimensionless measure of gradient) of about 1760 Bénard Cells appear, that is convection starts. As the Rayleigh number (temperature difference) increases convection becomes the dominant mode of heat transfer.
The particular analysis is for Silicon 350 at a depth of 6.98 mm. with a surface area of 0.0305 sq. m.. The first graph is the heat transfer rate (Kcal/Hour) across the fluid as a function of Rayleigh number (temperature difference). The bottom curve is the heat transfer rate without Bénard Cells and the top curve is the heat transfer rate with the formation of Bénard Cells. The point is that the emergence of the ordered structure (Bénard Cells) dissipates more energy.
The second graph is of entropy production rate (Kcal/Hour/°K) versus Rayleigh number (the gradient). Again we see the emergence of the ordered structure results in more entropy production.
The third graph shows the available work 1 (exergy) (Kcal/hour) which must be provided from an external source in order to maintain the gradient. As the gradient increases a greater amount of work must be done to incrementally increase the gradient. It becomes more difficult to maintain the gradient as the system becomes more organized.
by Eric Schneider and James Kay Recently we studied the Bénard Cell phenomena in detail, using the original data sets collected by Silveston (1957) and Brown (1973) (which they most graciously provided us with). We believe that these analyses are significant, in that we have calculated for the first time the entropy production, exergy drop and available work destruction, resulting from 2) Entropy production rate (P) vs ∆T increases in a nonlinear way (see figure 2-b).
by Eric Schneider and James Kay 3) Exergy destruction rate (Ø) vs ∆T increases in a nonlinear way, the shape of the curve being the same as P vs ∆T.
4) 2&3 imply that as the gradient increases it
is harder (requires more available work, that is exergy) to incrementally increase the gradient. The further from equilibrium that the system is, the more it resists being moved further from equilibrium. In any real system there is an upper limit to the gradient which can be applied to the system. 
As we noted in the introduction
Boltzmann's ideas were further explored by
Schrödinger in "What is Life?" (Schrödinger, 1944 Prigogine, 1977 and Peacocke, 1983 (Kay, 1984) and (Schneider, 1988) .
(Which is not to say this is the only imperative governing life, survival is equally important.)
Biological growth occurs when the system adds more of the same types of pathways for degrading imposed gradients. Biological development occurs when new types of pathways for degrading imposed gradients emerge in the system. The larger the system, i.e., the larger the system flow activity (Ulanowicz, 1986) (Kimmins, 1987) .
Data synthesized by Currie and Paquin (1987) show that the large scale biogeographical distribution of species richness of trees is strongly correlated with realized annual evapotranspiration and available energy. This list of ecological attributes can be explained by ecosystems behaving in such a manner as to degrade as much of the incoming energy as possible Schneider, 1991, Kay, 1989 ) and provides causality for most if not all the phenomenological attributes of maturing ecosystems developed by Odum in 1969. Lotka's (1922) suggestion that living systems will maximize their energy flow, H .
T. Odum's (1955) systems with attributes opposite those presented above (Kay, 1991) . Stressed ecosystems often appear similar to earlier successional stage ecosystems and will reside at some distance closer to thermodynamic equilibrium.
We have recently analyzed a carefully collected data set for carbon-energy flows in two aquatic tidal marsh ecosystems adjacent to a large power generating facility on the Crystal River in Florida. The ecosystems in question were a "stressed" and a "control" marsh. The stressed ecosystem is exposed to hot water effluent from the nuclear power station. The stress is an approximately 6˚ C water temperature increase. The "control" ecosystem is not exposed to the effluent but is otherwise exposed to the same environmental conditions. We wished to determine the effect of the change in environmental conditions on the structure of the stressed system. Table 1 If the flows are scaled by the import to the ecosystem from the outside, (the last three columns in Table 1 ) the resulting numbers indicate how well the ecosystem is making use of the resources it does capture. The percentage changes in these scaled flow rates reveals that in total the stressed ecosystem is, relatively speaking, exporting more. In other words, it is losing material more quickly than the control ecosystem. It is a leaky ecosystem.
Looking at the living side, the big changes are an increase in respiration and a decrease in flow to the detritus. There was a small decrease in exports. These changes indicate that the consumed resources are being more effectively Examining the Food Web data further confirms this. (The last three rows in Table 1 .)
The number of cycles in the stressed ecosystem is 51% of the number in the control.
Furthermore overall these cycles are shorter in length. In the effective grazing chain the number of trophic levels was not changed, but the trophic efficiencies were changed dramatically, as was the flow to the top trophic levels. These are all indicators of a stressed ecosystem (Ulanowicz, 1985) .
Overall the impact of the effluent from the power station has been to decrease the size of the ecosystem and its consumption of resources while impacting its ability to retain the resources it has captured. In short the impacted ecosystem is smaller, has lower trophic levels, recycles less, and leaks nutrients and energy.
All of these are signs of disorganization and a step backward in development. This analysis suggests that the function and structure of ecosystems follows the development path predicted by the behavior of nonequilibrium thermodynamic structures. A more complete analysis of these data and the implications of this hypothesis for ecosystem health or integrity are found in Kay and Schneider (1991) .
ECOSYSTEMS AS ENERGY DEGRADERS
The energetics of terrestrial ecosystems provides an excellent test of our thesis that ecosystems will develop so as to degrade energy gradients more effectively. More developed dissipative structures will degrade more energy. Thus we would expect more mature ecosystems to degrade the exergy content of the energy they capture more completely than a less developed ecosystem. Luvall and Holbo (1989 , 1991 ) and Luvall et al. (1990 R n /K*= percent of net incoming solar radiation degraded into nonradiative process. The first four rows presented in Table 3 Sellers et al. (1986) . This data demonstrates that a more developed ecosystem is a better dissipative structure.
by Eric Schneider and James Kay decrease. This is borne out by the results presented in the first four rows of Table 3 .
Moreover the last two rows represent running the SiB model for the rainforest and then for the same location except assuming a grassland instead of a rainforest. (Shulka et al., 1989) . Again, this data shows that the more developed an ecosystem, the more the energy impinging on it is degraded to lower quality energy. We have research underway to further quantify these propositions.
DISCUSSION
In this paper we have recast the second law of thermodynamics from the old statement of "entropy increase" into a statement that describes systems undergoing processes so that they will reach a unique state of equilibrium.
This description draws on the work of Carathéodory, Hatsopoulos & Keenan, and Kestin. It allows for the discussion of system behaviour in nonequilibrium situations. It overcomes the difficulty of describing nonequilibrium systems in terms of entropy, which can only be defined in the equilibrium state. We suggest that, in nonequilibrium situations, systems will take advantage of all available means to resist the gradients responsible for the nonequilibrium condition.
Furthermore, the stronger the applied gradient, the greater the effect that the equilibrium attractor will have on the system. Emergence of coherent self-organizing structures are the expected response of systems as they attempt to resist and dissipate the external gradients that are moving them away from equilibrium.
We have shown that these principles are manifested in the behaviour of physical dissipative systems (i.e. Bénard cells) and described how they apply to mesoscale meteorology. We apply these same principles to the origin of life, biological growth, the development of ecosystems, and biological evolution.
Living systems are not only permissible under the restated second law of thermodynamics, but it is the restated second law which mandates living processes and is a necessary but not sufficient cause for life itself.
We provide biology with a paradigm that not only describes the "why" of life but also describes the directions in which living systems will develop and evolve.
We have documented that ecological processes are driven and governed by thermodynamic imperatives; ecosystems develop and select energetic pathways that strive to degrade as much of the energy available to them as possible. We believe that these same principles extend to Darwinean selection. Margalef (1968) , Odum (1969) , Wicken (1987) and Schneider (1988) by Eric Schneider and James Kay Zotin (1984) studied the bioenergetic trends of the evolution of organisms and noted that evolution has progressed in a manner such that organisms evolved with increasing energetic dissipation rates, i.e. respiratory intensity.
Evolution, like ecosystems seems to select species and ecosystems that increase the global dissipation rate.
Our suggestions should not be confused with the work of Brooks and Wiley (1986) . The foundations of our work were certainly developed by Prigogine and Wiame (1946) and Wicken (1980 Wicken ( , 1987 but we circumvent their discussions of entropy and life, and instead rely on a more appropriate approach to nonequilibrium systems, that is the development of self-organization as a means of dissipating gradients imposed on systems. Lotka (1922) and Odum and Pinkerton (1955) have suggested that those biological systems that survive are those that develop the most power inflow and use it to best meet their needs for survival. Our work would propose that a better description of these "power laws"
would be that biological systems develop in a manner as to increase their degradation rate, and that biological growth, ecosystem development and evolution represent the development of new dissipative pathways.
This work is quite different than Jørgensen's Maximum Exergy Principle (Jørgensen and Mejr,1979) . He has focused on exergy concentrations, while we are investigating exergy degradation. The two concepts may be interrelated but our work has not as yet shown the linkage.
Our proposals represent a new approach to the biological synthesis. We have not been able to discuss all the ramifications these principles have for our understanding of the growth and development of biological systems.
We have intentionally not discussed the application of these principles to the development and operation of genetic processes. We note that our thermodynamic To return to Schrödinger, life is comprised of two processes, "order from order, and order from disorder". The work of Watson and Crick described the gene with its DNA, and solved the "order from order" mystery. Our hypothesis supports the "order from disorder" premise and connects biology with physics thus providing a unifying macroscopic theory for living systems.
